Beta frequency (13-30 Hz) oscillatory activity in the subthalamic nucleus (STN) of Parkinson's disease (PD) has been shown to influence the temporal dynamics of high-frequency oscillations (HFOs; 200 -500 Hz) and single neurons, potentially compromising the functional flexibility of the motor circuit. We examined these interactions by simultaneously recording both local field potential and single-unit activity from the basal ganglia of 15 patients with PD during deep brain stimulation (DBS) surgery of the bilateral STN. Phase-amplitude coupling (PAC) in the STN was specific to beta phase and HFO amplitude, and this coupling was strongest at the dorsal STN border. We found higher beta-HFO PAC near DBS lead contacts that were clinically effective compared with the remaining non-effective contacts, indicating that PAC may be predictive of response to STN DBS. Neuronal spiking was locked to the phase of 8 -30 Hz oscillations, and the spatial topography of spike-phase locking (SPL) was similar to that of PAC. Comparisons of PAC and SPL showed a lack of spatiotemporal correlations. Beta-coupled HFOs and field-locked neurons had different preferred phase angles and did not co-occur within the same cycle of the modulating oscillation. Our findings provide additional support that beta-HFO PAC may be central to the pathophysiology of PD and suggest that field-locked neurons alone are not sufficient for the emergence of beta-coupled HFOs.
Introduction
Abnormal beta frequency (13-30 Hz) oscillations within the basal ganglia (BG) have been implicated in the pathophysiology of Parkinson's disease (PD). Beta oscillations in the subthalamic nucleus (STN) are reduced with voluntary movement (Levy et al., 2002) , dopaminergic medications , and deep brain stimulation (DBS; Eusebio et al., 2011) , suggesting that these oscillations may be anti-kinetic. Conversely, gamma (60 -90 Hz) and high-frequency (200 -500 Hz) oscillations (HFOs), which are more prominent in the presence of exogenous dopamine (ON state; Foffani et al., 2003) , may be pro-kinetic because movement elicits increases in spectral power in these frequency bands (Cassidy et al., 2002; Androulidakis et al., 2007; Ló pez-Azcarate et al., 2010) . How aberrant activity of these oscillations leads to the hypokinetic motor symptoms of PD is not fully understood.
Recent evidence has suggested that it may not be beta oscillations per se but rather its effect on neural activity involved in motor processing that underlie the inability to select specific motor programs (Mink, 1996; Quiroga-Varela et al., 2013; Brittain and Brown, 2014) . These interactions, compromising the information-coding ability or functional flexibility of the motor circuit, could be present at the level of single neurons (Levy et al., 2000 (Levy et al., , 2002 or of neuronal networks (Priori et al., 2004; Marceglia et al., 2006; Ló pez-Azcarate et al., 2010) . Hence, beta oscillatory entrainment of single-unit spiking activity (Kühn et al., 2005; Weinberger et al., 2006 Weinberger et al., , 2009 Moran et al., 2008) or of pro-kinetic HFOs (Ló pez- Azcarate et al., 2010) in the STN may constitute the pathologic mechanism that gives rise to the observed hypokinetic symptoms in PD.
Recordings captured during DBS surgery offer an opportunity to directly examine these interactions within the parkinsonian motor circuit. Here, we recorded local field potential (LFP) activity within and around the STN to examine the spatial extent of cross-frequency interactions between beta oscillations and HFOs. We found that these interactions were most prominent at the dorsal STN border and that the strength of these interactions were related to the clinical efficacy of DBS stimulation. We simultaneously recorded from STN units to examine the spatial extent of field-locked spiking activity and found that these interactions also peaked near the dorsal STN border. Notably, we examined the co-occurrence of cross-frequency and field-spike interactions and found no evidence of a causal relationship.
Materials and Methods
Analyses were performed using custom MATLAB scripts (MathWorks). We used a two-tailed t test to assess for statistical significance, unless otherwise noted.
Patients and surgery. We captured intraoperative recordings in 15 patients (five males) with advanced PD undergoing DBS surgery of the bilateral STN. All patients met CAPSIT criteria for surgical treatment of PD and underwent surgery after an overnight dopaminergic medication withdrawal (12 h since the last dose). All recordings were obtained while the patients were awake, at rest, and monitored for alertness. The STN was localized anatomically on preoperative imaging and then intraoperatively by its firing pattern and background activity (Fig. 1A, right) . Coordinates of the preoperative target, referenced to the midcommissural point, were x ϭ 11.1 Ϯ 0.2 (mean Ϯ SEM), y ϭ Ϫ3.5 Ϯ 0.5, z ϭ 4.9 Ϯ 0.3 mm for the left hemisphere, and x ϭ Ϫ11.6 Ϯ 0.2, y ϭ Ϫ3.5 Ϯ 0.5, z ϭ 5.0 Ϯ 0.3 mm for the right hemisphere. All patients were implanted with Medtronic DBS lead model 3389 (1.5 mm contacts with center-to-center distances of 2 mm; Medtronic; see Fig. 3A ). This study was conducted in accordance with a National Institutes of Health Institutional Review Board-approved protocol, and informed consent was obtained from all patients.
Data acquisition. We captured intraoperative recordings using targeting electrodes comprising a pair of macroelectrode and microelectrode contacts (Alpha Omega), in which the macroelectrode contact was 3 mm superior to the microelectrode contact. Up to three targeting electrodes were simultaneously advanced to the preoperative target during each recording session (Fig. 1B) . Raw signals were sampled at 1.5 and 24 kHz from macroelectrodes and microelectrodes, respectively, and stored using the MicroGuide Pro data acquisition system (Alpha Omega). Microelectrode data from the first four patients were high-pass filtered (Ն300 Hz) with an acausal head-stage filter. As such, we excluded the microelectrode data from the first four patients from all of our analyses. For subsequent patients, the raw microelectrode data were acquired using a wideband (1.5 Hz to 3 kHz) acausal head-stage filter.
We extracted LFP activity by bandpass filtering macroelectrode and microelectrode signals between 1 and 500 Hz, using a 60 Hz notch filter to remove line noise. We downsampled all LFP signals to 1 kHz and referenced macroelectrode and microelectrode signals using a common average of all simultaneously-recorded macroelectrode and microelectrode signals, respectively. Jump artifacts were identified in the LFP during each recording when the z-scored broadband (25-300 Hz) power exceeded 25 SDs from baseline. For each recording, the longest segment free of jump artifacts and amplifier clipping was analyzed, excluding those recordings with artifact-free segments Ͻ6 s (Penny et al., 2008) . We removed spike artifacts from microelectrode LFP signals by replacing samples between Ϫ2 and 8 ms around each spike time using a linear interpolation (Jacobs et al., 2007) and found that the results were qualitatively unchanged. The results presented here are without removal of clustered spikes.
We extracted spiking activity and multiunit activity (MUA) by bandpass filtering microelectrode recordings between 0.3 and 3 kHz and resampling at 25 kHz. Individual spike clusters were found for each recording using principal component analysis (Offline Sorter; Plexon). Microelectrode recordings (MERs; right) demonstrate typical cell recordings from these structures. The dorsolateral (0%) and ventromedial (100%) borders of the STN, as defined by MERs, were used to normalize recording locations across trajectories and STNs. a, Anterior; p, posterior. B, A triplet of targeting electrodes were simultaneously advanced, separated from each other in the anterior, posterior, medial, or lateral directions by 2 mm. Each targeting electrode comprises a macroelectrode (solid arrow) located 3 mm superior to the microelectrode (dotted arrow). Lat, Lateral; Cen, central; Post, posterior. C, Cumulative number of analyzed macroelectrode/microelectrode recordings at each recording depth across all trajectories demonstrating STN MERs.
We classified a spike cluster as belonging to a single neuron if Յ2% of spiking events in that cluster fell within a refractory period of 1 ms. Because recordings captured dorsal to the STN could be from variable anatomic regions (e.g., thalamus, striatum, internal capsule, etc.) depending on the angle and entry point of the trajectory (Gross et al., 2006) and because spiking activity captured ventral to the STN in the substantia nigra were too limited in number to draw statistical conclusions, we restricted our spike analysis to STN neurons. We detected MUA by identifying any spiking event that exceeded an absolute amplitude threshold of 5 SDs from the mean.
Each recording could be uniquely identified by its absolute depth (in mm) with respect to the preoperative target. To aggregate data across all trajectories in each recording session and then across all sessions and patients, we normalized with respect to the recorded STN length in each trajectory by converting the absolute depth of each recording into a relative depth, with 0 and 100% representing the dorsolateral and ventromedial borders, respectively, of the STN (Fig. 1A, left) . We designated relative depths Ͻ0% (dorsal to the STN) as pre-STN, 0 -50% as dorsolateral STN, 50 -100% as ventromedial STN, and Ͼ100% (ventral to the STN) as post-STN. Three STNs were localized using stimulation mapping, because none of the trajectories demonstrated STN activity, and the recordings captured during these sessions were excluded from analysis.
Cross-frequency interactions. We quantified cross-frequency interactions by calculating phase-amplitude coupling (PAC), in which the amplitude of higher-frequency oscillations has a statistical dependence on the phase of lower-frequency oscillations. For each recording, we convolved LFP signals with complex-valued Morlet wavelets (wavelet number 6) to obtain amplitude and phase information for each frequency (Addison, 2002) . With the phase, (t), of a lower-frequency oscillation and the amplitude, A(t), of a higher-frequency oscillation, we constructed a composite signal, z(t) ϭ A(t)e i (t ) . An approximate measure of PAC can be derived by calculating the mean vector length of this time series, M raw ϭ ͉z ͉ (Canolty et al., 2006) .
To dissociate increases in PAC from a global increase in higherfrequency power across all lower-frequency phases, we created a distribution of surrogate lengths, {M sur }, by applying a circular shift to A(t) with respect to (t) using 200 random time lags and calculating the mean vector length for each permutation. M raw is z scored using the mean, sur , and SD, sur , of the surrogate distribution, {M sur }, to create a normalized PAC measure, M norm ϭ (M raw Ϫ sur )/ sur . Assuming that {M sur } follows a normal distribution, we also calculated a corresponding p value for each M norm .
We calculated M norm for all possible combinations of modulating frequencies (4 -30 Hz) incremented by 2 Hz and modulated frequencies (40 -500 Hz) incremented by 15 Hz to create a co-modulogram. We divided modulating frequencies into four bands of interest: theta (4 -8 Hz), alpha (8 -12 Hz), low beta (13-20 Hz), and high beta (20 -30 Hz). We also divided modulated frequencies into four bands of interest: (1) low gamma (40 -80 Hz); (2) high gamma (80 -150 Hz); (3) broadband gamma (40 -150 Hz); and (4) HFOs (200 -500 Hz). To correct for multiple comparisons, we used a false discovery rate (FDR) procedure with q ϭ 0.05 applied to the p values across all frequency combinations in each recording (Genovese et al., 2002) . A recording was determined to contain statistically-significant PAC between two frequency bands if at least one frequency pair within those bands had a significant M norm . Average PAC strength was calculated for a frequency band pair of interest by computing the mean across M norm values for all frequency pairs comprising those bands.
To examine the spatial topography of PAC strength across all STNs, we aggregated relative depths into bins that extended for 25% of the normalized STN length along the dorsolateral-ventromedial axis. In each bin, we included data from only those STNs with at least three recordings that were amenable for PAC calculation. We set the spatial boundaries for analysis by the most dorsal and ventral bins for which at least one-third of the recorded STNs satisfied the above condition. We also created a distribution of PAC strengths across STNs for each spatial region (pre-STN, dorsolateral STN, ventromedial STN, and post-STN).
To determine the preferred phase of beta-coupled HFOs along the modulating oscillations, we first bandpass filtered LFP signals in the beta and HFO bands and then extracted amplitude and phase information using the Hilbert transform to construct the complex time series, z(t) ϭ A hfo (t)e i ␤(t). For each recording, we defined the preferred phase of betacoupled HFOs as the phase angle of the complex mean of z(t).
Postoperative DBS programming. One month after implantation of the DBS leads, all patients underwent an initial programming session (Volkmann et al., 2006) . Monopolar screening was performed for each contact, whereby the stimulation amplitude was gradually increased, and the voltage, v, required to obtain clinical benefit (window entry) and well as side effects (window exit) were determined. A therapeutic window, w, for each contact was established by calculating the difference between the window exit and window entry voltages (see Fig. 3A ), and the contact with the largest therapeutic window was chosen as the stimulating contact. In cases in which more than one contact demonstrated large therapeutic windows, one was chosen arbitrarily. In cases in which no contact demonstrated a satisfactory therapeutic window or when clinical response to monopolar stimulation diminished over time, a bipolar stimulation configuration was used.
The active programming settings were obtained from the most recent postoperative evaluation (8.4 Ϯ 1.7 months since implantation) for our analyses. For those STNs that were stimulated using a monopolar mode, we compared beta-HFO PAC strengths between all stimulating contacts and the remaining contacts. We identified the location of each contact based on their stereotactic coordinates recorded intraoperatively. To confirm contact locations, we identified the stereotactic coordinates of each contact by coregistering the preoperative computed tomography (CT) images, in which the stereotactic head frame was in place, with the immediate postoperative CT images (StealthStation S7; Medtronic).
Mean PAC strength was calculated for each contact by averaging PAC strengths from all macroelectrode and microelectrode recordings in a 2 mm spatial window centered around that contact (see Fig. 3A ). For the first four patients, we used only the macroelectrode recordings. Because the range of recorded PAC strengths varied across patients and between macroelectrode and microelectrode recordings, we normalized all recorded PAC strengths with respect to the maximum intra-STN PAC strength for the corresponding electrode type and STN, such that the mean PAC strength for each contact ranged between 0 and 1. We only included contacts with at least four recordings within the 2 mm spatial window to allow an accurate measurement of PAC.
Spike-field interactions. We quantified the degree of correlation between spike times and LFP oscillation phases, referred to as spike-phase locking (SPL), for each recorded STN neuron. We first selected 200 spiking events at random and calculated a 3 s spike-triggered average (STA) of the LFP signal from either macroelectrode or microelectrode recordings (Fig. 4A ). We bandpass filtered each STA within a frequency band of interest, [f a f b ], and used the Hilbert transform to calculate the magnitude of the analytic signal, STA env (Fig. 4B, red; Shimamoto et al., 2013) . To isolate spike-related LFP changes that were consistent with a mechanistic role, we identified all local maxima in STA env within one wavelength, a ϭ 1/f a , of t ϭ 0. An approximate measure of SPL, E spike , can be derived by averaging STA env across a window of length (a ϩ b)/2 centered around its greatest local maximum (Fig. 4B, dashed) .
To dissociate peri-spike increases in LFP power from global increases throughout the entire recording, we reversed the chosen 200 spike times within each recording to generate an STA from pseudorandom LFP segments, STA rev . We calculated the mean, rev , and SD, rev , of STA rev within one wavelength, a , of t ϭ 0, and computed a normalized measure of SPL strength, E norm ϭ (E spike Ϫ rev )/ rev . Assuming that the sample points of STA rev follow a normal distribution, we also calculated a p value for each E norm . For accurate assessment of SPL, we calculated E norm 500 times for each neuron, using a random sample of 200 spiking events for each permutation, and averaged E norm across all permutations. We determined a threshold for significance by similarly calculating the maximum of STA rev across all neurons and finding the 95th percentile of this distribution. This threshold (1.47 for macroelectrode and 1.52 for microelectrode LFPs) corresponds to a familywise error rate of Ͻ5%. To examine the spatial topography of SPL strength, we treated single units as independent and aggregated SPL strengths within spatial bins of 20% relative depth from Ϫ10 to 110% along the dorsolateral-ventromedial axis.
To determine the preferred phase of field-locked neurons, we bandpass filtered LFP signals between 8 and 30 Hz and extracted the phase of the LFP at each spiking event using the Hilbert transform. We defined the preferred phase for each neuron as the phase angle of the complex mean of the distribution of instantaneous phases across all spiking events. We used the Rayleigh's test to determine whether the distribution of phases for individual neurons significantly deviated from uniformity.
We identified neurons with oscillatory firing patterns in the 8 -30 Hz frequency band by calculating the power spectrum of individual spike trains, variable in duration, using multitapers (2 s Slepian windows with 50% overlap, producing a 0.5 Hz spectral resolution). We identified a neuron as having significant oscillatory activity if the peak power within this frequency range exceeded a threshold of 2 SDs above the mean power in the 40 -70 Hz band.
Comparisons of PAC and SPL. To assess for any temporal relation between beta-coupled HFOs and field-locked neurons, we examined re- cordings with both significant PAC and significant SPL. For each isolated unit, we found the peri-spike log-transformed HFO power averaged across all spike times, using a temporal window of 100 ms, which corresponds to two wavelengths of a 8 -30 Hz oscillation. HFO power was z scored at each time point with respect to a distribution of surrogate HFO power values, generated by randomly permuting the interspike intervals 200 times. We performed the same analysis to examine whether spectral power in the HFO frequency band could be related to MUA, regardless of the presence of significant PAC or SPL.
For the same set of recordings exhibiting significant PAC and SPL, we further tested whether beta-coupled HFOs consistently precedes or follows field-locked neurons. We binned data in each recording using two distinct temporal epochs: upstroke-to-upstroke or downstroke-todownstroke cycles of the 8 -30 Hz bandpass-filtered LFP (see Fig. 5D , top). In each epoch, HFO power and the presence of spiking activity were found during their respective half-cycles. For each recording, we stratified HFO power across temporal epochs into quintiles and calculated the respective probabilities of finding spiking activity within the same temporal epoch. We calculated the differences in these probabilities across successive HFO quintiles and compared them for all recordings.
We also examined the temporal dynamics of SPL and PAC in individual recordings by dividing each into non-overlapping time segments of Ն6 s and Ն50 spiking events. We only included recordings with at least six such epochs (total duration Ն36 s) for analysis. Because each temporal epoch did not contain a sufficient number of spikes to quantify E norm , we calculated the complex mean of the distribution of instantaneous phases across spiking events, r , averaging across 500 random samples of 50 spikes in each epoch.
Results
We captured intraoperative recordings during DBS surgery of the bilateral STN in 15 PD patients (five males; 58.1 Ϯ 2.6 years old). The disease duration was 13.8 Ϯ 1.9 years, with a preoperative Unified Parkinson's Disease Rating Scale part III score of 18.9 Ϯ 1.6 in the ON state and 38.5 Ϯ 2.4 in the OFF state. As targeting electrodes were advanced toward the preoperative target ( Fig.  1 A, B) , we identified STN spiking activity for 3.75 Ϯ 0.19 mm in 67 of the 115 total trajectories. After removing recordings of insufficient duration following artifact rejection (see Materials and Methods), we retained 871 macroelectrode and 881 microelectrode recordings for subsequent analysis (Fig. 1C) . Retained recordings had a spatial resolution of 0.60 Ϯ 0.01 mm across trajectories demonstrating STN activity and a duration of 27.0 Ϯ 1.0 s (median of 19.9 s) for macroelectrode and 25.4 Ϯ 1.0 s (median of 17.9 s) for microelectrode recordings.
PAC
We calculated PAC between every modulating lower-frequency and every modulated higher-frequency oscillation for a single macroelectrode recording from the dorsolateral STN to create a co-modulogram ( Fig. 2A) . We found that this recording exhibited a peak in PAC between the phase of 14 Hz and amplitude of 262 Hz oscillations (M norm ϭ 39.8, p Ͻ 10 Ϫ300 ). To visualize PAC in this recording, we calculated the log-transformed power of HFOs and locked these data to the peak of the modulating beta oscillation (Fig. 2B) .
We investigated the spatial topography of PAC between beta oscillations and HFOs in and around the STN. We found that macroelectrode and microelectrode LFP recordings demonstrated a significant rise in beta-HFO PAC at the dorsal border of the STN (Fig. 2C,D) . Whereas the rise in PAC occurred sharply at the dorsal border in the microelectrode recordings, the rise in PAC captured using macroelectrodes was more gradual, likely because of their greater integration area. Microelectrode recordings exhibited a decrease in PAC as recording depths advanced toward the ventral STN border. For trajectories in which the recorded length of the STN was Ն2 mm, we calculated a Pearson's correlation between microelectrode beta-HFO PAC strength and relative depth and found that the distribution of correlation coefficients across STNs was significantly negative (t (17) ϭ Ϫ2.40, p ϭ 0.03).
We quantified the average beta-HFO PAC strengths in different spatial regions across STNs. We found significantly greater beta-HFO PAC in the dorsolateral STN relative to the pre-STN segment (t (48) ϭ 3.00, p ϭ 0.005, macro; t (36) ϭ 2.23, p ϭ 0.03, micro; Fig. 2 E, F ) . We found that beta-HFO PAC was greater in the dorsolateral than in the ventromedial STN, but these differences were not statistically significant (t (32) ϭ 1.81, p Ͼ 0.05, macro; t (36) ϭ 1.14, p Ͼ 0.05, micro). The microelectrode beta-HFO PAC was greater in the dorsolateral STN than in the post-STN segment, but this difference was also not significant (t (35) ϭ 1.63, p Ͼ 0.05).
To determine whether PAC in the parkinsonian STN was frequency specific, we tested whether PAC strength was significantly greater inside versus outside the STN between four potential modulating bands (theta, alpha, low beta, and high beta) and four potential modulated bands (low gamma, high gamma, broadband gamma, and HFO). We found significant interaction only between low and high beta with HFOs ( p Ͻ 0.05; Table 1 ).
Correlation with clinical parameters
For those STNs stimulated using a monopolar configuration (n ϭ 26), we identified the location of stimulating contacts, chosen based on clinical considerations only (see Materials and Methods), using the relative depth of each contact. More than 80% of the stimulating contacts were within a relative depth of 50% of the dorsal border (Fig. 3B, solid) . We found a significant difference between stimulating contact positions and the center of the STN (50%; t (25) ϭ Ϫ5.38, p Ͻ 10 Ϫ4 ) and the center of the dorsolateral STN (25%; t (25) ϭ Ϫ2.30, p ϭ 0.03) but found no difference from the dorsal border (0%; t (25) ϭ 0.79, p Ͼ 0.05).
Based on this observation, we directly assessed whether PAC strength was greater around the chosen stimulating contacts compared with other remaining contacts. We found greater PAC near the stimulating contacts (n ϭ 22; four contacts did not have a sufficient number of recordings to calculate PAC) compared with the remaining nonstimulating contacts (n ϭ 58), although this difference only trended toward significance (t (78) ϭ 1.97, p ϭ Fig. 3C, solid) . Notably, we found a significant relation between PAC strength for each contact and its therapeutic window entry voltage (r (78) ϭ Ϫ0.26, p ϭ 0.02, Spearman's correlation; see Materials and Methods), suggesting that PAC strength may be related to the patient's sensitivity to stimulation across contacts. Given that in most cases more than one contact demonstrated large therapeutic windows, and in such cases one was chosen arbitrarily as the stimulating contact, we identified all clinically effective contacts as those with window entry voltages that were less than that of the chosen stimulating contact (43 clinically effective contacts, 35 non-effective contacts; see Materials and Methods). We found significantly greater PAC strength for effective compared with non-effective contacts (t (76) ϭ 2.57, p ϭ 0.01; Fig. 3C, dashed) . More than 65% of the effective contacts were within 50% relative depth of the dorsal border (Fig. 3B,  dashed) . Similar to the stimulating contacts, there was a significant difference between effective contacts positions and the center of the STN (t (48) ϭ Ϫ5.09, p Ͻ 10 Ϫ5 ) and the center of the dorsolateral STN (t (48) ϭ Ϫ2.56, p ϭ 0.02) but no difference from the dorsal border (t (48) ϭ Ϫ0.034, p Ͼ 0.05).
SPL
We isolated spiking activity from 357 neurons in the STN (1.5 Ϯ 0.03 units per recording), of which 260 had a sufficient number of spikes within an artifact-free LFP segment to reliably quantify SPL. Although the macroelectrodes and microelectrodes were spatially offset by 3 mm, LFP signals of up to ϳ250 Hz have been found to extend several millimeters in vivo, likely because of volume conduction (Kajikawa and Schroeder, 2011) , and the low impedance and large surface areas of macroelectrodes may render them superior at measuring background extracellular potentials. Therefore, we calculated SPL across both macroelectrode and microelectrode LFP signals.
The STA for a representative dorsolateral STN neuron demonstrated large-amplitude oscillations, with a peak occurring close to the spike time, consistent with a mechanistic relation between LFP oscillations and neuronal spiking (Fig. 4A) . We quantified SPL and found that spiking activity in this neuron was significantly locked to 8 -30 Hz oscillations (E norm ϭ 14.4, p Ͻ 10 Ϫ46 ; Fig. 4B ). To confirm this result, we also extracted the instantaneous phase of LFP activity within this frequency band for each spiking event and found that the distribution of phases was significantly non-uniform (p Ͻ 10 Table 1 ). We limited subsequent SPL analysis to the 8 -30 Hz band. Neurons with significant 8 -30 Hz oscillatory firing patterns localized to the dorsolateral STN (n ϭ 108; 31.9 Ϯ 2.5% relative depth) compared with non-oscillating neurons (n ϭ 152; 52.9 Ϯ 2.4%; p Ͻ 10 Ϫ6 , Fisher's exact test). Moreover, neurons with oscillatory firing patterns were more likely to show significant SPL (53.6%, macro; 52.9%, micro) than those that were non-oscillatory (36.2%, p ϭ 0.01, macro; 37.5%, p ϭ 0.03, micro).
We found that, for both macroelectrode and microelectrode LFPs, SPL decreased as recording depths progressed from the dorsolateral to ventromedial STN (Fig. 4 D, E) . Furthermore, there was a similar trend in the percentage of neurons with sig- v 0 ) . B, For monopolar stimulation, the majority of the stimulating contacts (Stim. Cont.) and clinically effective contacts (Effective Cont.) were within 50% relative depth of the dorsal STN border. C, ␤-HFO PAC around stimulating contacts and nonstimulating contacts (solid) and around effective and non-effective contacts (dotted). PAC was significantly greater around effective contacts than the remaining non-effective contacts (*).
nificant SPL throughout the spatial extent of the STN (Fig. 4F ) . Both the average SPL strength across all neurons (t (258) ϭ 2.58, p ϭ 0.01, macro; t (258) ϭ 1.96, p ϭ 0.049, micro) and the percentage of neurons exhibiting significant SPL ( p Ͻ 10 Ϫ3 , macro; p ϭ 0.004, micro; Fisher's exact test) were significantly greater in the dorsolateral compared with the ventromedial STN (Fig. 4G,H ) . However, when analyzing only the neurons that exhibited statistically significant SPL, there was no difference in average SPL strength between the dorsolateral and ventromedial STN (t (82) ϭ 1.68, p Ͼ 0.05, macro; t (66) ϭ 0.15, p Ͼ 0.05, micro).
Comparisons of PAC and SPL
Because beta-coupled HFOs and field-locked neurons exhibited similar spatial topographies and overlapping frequency preferences of the modulating oscillation, we investigated whether these may be related phenomena. Because HFOs are spatially constrained (Dickson et al., 2000) , we restricted this analysis to microelectrode recordings to compare local HFOs and spiking activity modulated by lower-frequency oscillations.
We calculated the percentage of recordings across all STNs that exhibited significant SPL or PAC and found that, across spatial bins, each spanning 20% of the normalized STN length along the dorsolateral-ventromedial axis, the percentage of recordings exhibiting significant SPL did not correlate with the percentage exhibiting significant PAC (r (4) ϭ 0.54, p Ͼ 0.05, Pearson's correlation; Fig. 5A ). Furthermore, within each spatial bin, the percentage of recordings demonstrating significant PAC was not different between those recordings either exhibiting significant SPL or not ( p Ͼ 0.05, Fisher's exact test).
Within each individual STN, we examined the spatial correlation between SPL and PAC strengths across all captured recordings (n ϭ 12 STNs with at least six recordings, 20.3 Ϯ 4.2 recordings per STN). None of the STNs exhibited a significant correlation between SPL and PAC ( p Ͼ 0.05, FDR corrected, Spearman's correlation). The average correlation coefficient between SPL and PAC strengths across all STNs, , was 0.11, and the distribution of correlation coefficients across STNs did not significantly differ from 0 (t (11) ϭ 1.28, p Ͼ 0.05).
We examined the preferred phases of both beta-coupled HFOs and field-locked neurons across recordings with significant PAC or SPL, respectively, and found that beta-coupled HFOs occurred near the peaks of beta oscillations (0.44 radians, z (28) ϭ 3.71, p ϭ 0.02, Rayleigh's test, macro; z (35) ϭ 1.90, p Ͼ 0.05, micro; Fig. 5B ). In contrast, spiking activity occurred near . Spikes occur near the troughs of LFP oscillations, whereas HFOs occur near the peaks. SPL and PAC exhibited significant differences in preferred phases for both macroelectrode (*) and microelectrode (**) recordings. C, For STN microelectrode recordings exhibiting significant SPL and significant PAC, peri-spike z-scored HFO power was not significantly different from 0 within a temporal window of 100 ms centered at spike time. SEM across recordings/neurons in gray. D, For the same recordings as in C, incremental differences in the probabilities of finding spiking activity are shown across successive quintiles of HFO power, in either the preceding (dashed) or subsequent (dotted) half-cycles along the modulating oscillations (8 -30 Hz). There were no significant differences from 0 in the incremental probabilities. Error bars represent SEM across recordings/neurons. E, Four non-overlapping temporal epochs of Ն6 s and Ն50 spikes from an example microelectrode recording in the dorsolateral STN shows significant PAC (significant frequency combinations in black contour) with significant SPL (*), significant PAC alone, significant SPL alone, and neither. Modulating and modulated frequency ranges as in Figure 2A .
the troughs of 8 -30 Hz oscillations (Ϫ2.94 radians, z (33) ϭ 3.45, p ϭ 0.03, macro; Ϫ2.10 radians, z (37) ϭ 6.27, p ϭ 0.002, micro). The differences between the preferred phases were significant (F (61) ϭ 41.19, p Ͻ 10 Ϫ7 , Watson-Williams test, macro; F (68) ϭ 21.01, p Ͻ 10 Ϫ4 , micro). Notably, the preferred phase of fieldlocked neurons with the 13-30 Hz beta band were statistically indistinguishable from those found with respect to 8 -30 Hz oscillations (F (63) ϭ 0.0031, p Ͼ 0.05, macro; F (68) ϭ 0.36, p Ͼ 0.05, micro), suggesting that the differences in preferred phase between beta-coupled HFOs and field-locked neurons were not related to the difference in the lower bounds of the modulating frequency band.
Although beta-coupled HFOs and field-locked neurons have different preferred phases, they may still be temporally related and simply offset by a phase shift along the modulating oscillation (Fig. 5D, top) . However, our analysis showed that, across all STN recordings exhibiting both significant PAC and significant SPL (n ϭ 13), the mean peri-spike z-scored HFO power did not significantly differ from 0 within a 100 ms window centered around the spike time ( p Ͼ 0.05, FDR corrected; Fig. 5C ). We did observe HFO power increases for up to 2 ms after spike time, but these are likely secondary to contamination of the LFP by the lower-frequency remnants of action potentials and did not survive multiple comparisons correction. To confirm that HFO power was not directly related to MUA, we performed the same analysis examining all microelectrode recordings within the STN, regardless of the presence of significant PAC or SPL, with at least 200 MUA events (n ϭ 157). We likewise found that the mean z-scored HFO power did not significantly differ from 0 within a 100 ms window centered around each MUA event ( p Ͼ 0.05, FDR corrected).
For the recordings exhibiting both significant PAC and significant SPL, we further examined whether HFO activity consistently precedes or follows spiking activity within the same cycle of the underlying 8 -30 Hz oscillation, which would suggest that the two processes are related. In contrast, we found that successive quintiles of HFO power in the preceding or subsequent halfcycles, near the peak, were not associated with incrementally greater probabilities of finding spiking activity in the adjacent half-cycle, near the trough ( p Ͼ 0.05, FDR corrected; Fig. 5D , bottom). We also examined the correlation between HFO power and firing rate for each of these recording across all upstroke-toupstroke or downstroke-to-downstroke epochs to further test whether beta-coupled HFOs precede or follow field-locked neurons (see Materials and Methods). Although some individual recordings did exhibit a significant correlation across epochs ( p Ͻ 0.05, FDR corrected, Spearman's correlation; 4 of 13 of upstroke-to-upstroke epochs, 1 of 13 of downstroke-todownstroke), the distribution of correlation coefficients across all recordings did not significantly deviate from 0 (upstroke-toupstroke, ϭ 0.005, t (12) ϭ 0.22, p Ͼ 0.05; upstroke-to-upstroke significant recordings only, ϭ Ϫ0.011, t (3) ϭ 0.13, p Ͼ 0.05; downstroke-to-downstroke, ϭ 0.012, t (12) ϭ 0.69, p Ͼ 0.05).
To directly compare the temporal dynamics of SPL and PAC within individual recordings, we identified all STN recordings of sufficient duration to examine at least six temporal epochs of Ն6 s and Ն50 spike events each (n ϭ 24, containing 12.0 Ϯ 0.9 epochs). We calculated beta-HFO PAC and 8 -30 Hz SPL and did not find significant correlations between PAC and SPL strengths across epochs ( p Ͼ 0.05, FDR corrected, Spearman's correlation). We examined the distribution of correlation coefficients across recordings and found that it did not significantly deviate from 0 ( ϭ 0.091, t (23) ϭ 1.40, p Ͼ 0.05). Instead, we found some recordings containing temporal epochs with both significant PAC (M norm ϭ 6.3, p Ͻ 10 Ϫ9 ) and significant SPL (z (192) ϭ 5.00, p ϭ 0.007, Rayleigh's test), other epochs with either significant PAC (M norm ϭ 5.6, p Ͻ 10 Ϫ7 ) or significant SPL (z (118) ϭ 7.48, p Ͻ 10 Ϫ3 ) but not the other, and other epochs in which there was no significance in either SPL or PAC (Fig. 5E) .
To examine whether the presence of multiple field-locked neurons was associated with significant beta-HFO PAC, we examined microelectrode recordings with at least two isolated units (n ϭ 59; 2.1 Ϯ 0.05 units per recording). In recordings with at least one neuron that was not locked to 8 -30 Hz oscillations, there was a significantly higher probability of finding significant PAC (22 of 38 recordings) compared with those recordings with only field-locked neurons (3 of 21 recordings; p Ͻ 0.002, Fisher's exact test).
Discussion
Our data demonstrate the spatial topography of beta-HFO PAC and 8 -30 Hz SPL in relation to the precise electrophysiological boundaries of the STN. Prominent beta oscillations emerge in LFP recordings of the parkinsonian STN in the OFF state , and these oscillations influence the temporal dynamics of HFOs (Ló pez-Azcarate et al., 2010) and single neurons (Kühn et al., 2005; Weinberger et al., 2006 Weinberger et al., , 2009 Moran et al., 2008) . We found that PAC strength was greatest at the dorsal STN border where stimulation was most clinically effective and that PAC strength was predictive of response to DBS therapy. This is the first study to examine PAC and SPL simultaneously, and although SPL had a similar spatial topography as PAC, we found no evidence of correlations between the two.
PD-specific PAC has been shown in the primary motor cortex (M1), in which beta phase is coupled with broadband gamma amplitude, and cross-structural PAC has been shown between STN beta phase and M1 broadband gamma amplitude (de Hemptinne et al., 2013) . Because broadband gamma is thought to arise from asynchronous spiking activity of the local neuronal population (Ray et al., 2008; Manning et al., 2009; Ray and Maunsell, 2011) , M1 PAC may represent phasic cortical input driving STN activity (Shimamoto et al., 2013) , whereas cross-structural PAC may represent cortical feedback strengthening abnormal STN activity through the corticosubthalamic pathway. However, despite beta band coherence between the motor cortex and the STN (Williams et al., 2002) , we found no evidence of coupling between beta phase and broadband gamma amplitude within the STN.
Instead, we found that PAC in the parkinsonian STN was frequency specific between beta oscillations and HFOs. Although originally reported between low beta and a narrow HFO sub-band (200 -300 Hz; Ló pez-Azcarate et al., 2010) , peak beta frequency varies among patients , and narrowband betacoupled HFOs have been observed at frequencies Ն300 Hz (de Hemptinne et al., 2013) . Therefore, we calculated PAC between the entire beta band and the entire HFO band and found significantly greater PAC around clinically effective contacts than the remaining non-effective contacts. Previous studies have demonstrated that beta-HFO PAC is two orders of magnitude greater in the OFF state and that this increase is associated with an absence of movement-related changes in HFO power (Ló pez-Azcarate et al., 2010) . Although disease specificity has not yet been demonstrated, these data together suggest that beta-HFO PAC is likely a pathologic feature of PD.
Our data demonstrate that PAC is maximal at the dorsal STN border, presumably the dorsal end of the sensorimotor area of the STN where M1 innervates (Nambu et al., 1996 (Nambu et al., , 1997 Haynes and Haber, 2013) . Previous studies have suggested that stimulation of the sensorimotor STN in addition to the afferent and efferent fibers immediately dorsal to it uniquely mediates the therapeutic effects of DBS (Hamel et al., 2003; Herzog et al., 2004; Zonenshayn et al., 2004; Godinho et al., 2006; Yokoyama et al., 2006) , which is consistent with M1 being the possible origin of excessive beta oscillations (Gradinaru et al., 2009; Li et al., 2012; Shimamoto et al., 2013; de Hemptinne et al., 2013) . Although the exact therapeutic mechanism of DBS remains unknown, the growing number of reports supporting the dorsal STN border as the optimal stimulation target suggests that it may partly be mediated by disruption of beta entrainment of pro-kinetic HFOs.
We found that the spatial topography of 8 -30 Hz SPL exhibited greater strength in the dorsolateral compared with the ventromedial STN, similar to previous reports examining the spatial distribution of cells with oscillatory firing patterns in the beta (Weinberger et al., 2006 ) and 8 -20 Hz (Moran et al., 2008 frequency bands. The greater proportion of significantly fieldlocked neurons in the dorsolateral STN may account for this spatial distribution. Indeed, there was no difference in SPL strength when comparing significantly field-locked neurons of the dorsolateral and ventromedial STN. One possibility is that SPL is a relatively binary phenomenon, although additional studies would be necessary to examine whether SPL is instead graded across neurons with a broad variance. Notably, we found that data from simultaneous LFP and unit recordings demonstrated qualitatively similar topographies for PAC and SPL. Although the frequency band modulating neuronal spiking (8 -30 Hz) was slightly wider than that modulating HFOs (13-30 Hz), the peak frequency of increased beta oscillations in the OFF state varies between 8 and 35 Hz across patients and does not affect whether changes in beta power correlate with the degree of clinical response to dopaminergic medication . Hence, despite the slight difference in the modulating frequency bands, the similar spatial topographies of PAC and SPL raised the question as to whether the two phenomena were associated.
It is unclear how higher-frequency (Ն80 Hz) LFP oscillations arise, with one possibility being that they are electrographic artifacts arising from spectral contamination of the LFP by action potentials (Zanos et al., 2011; Belluscio et al., 2012) . Recent studies have demonstrated that spectral leakage can lead to spurious hippocampal coupling between theta phase and high gamma amplitude and that this can be distinguished from true PAC (Scheffer-Teixeira et al., 2013) . Although we did observe some effects of spiking activity on HFO power in our microelectrode recordings, our data suggest that the observed beta-HFO PAC is a genuine form of cross-frequency interaction because the modulating and modulated frequency bands were circumscribed, as opposed to the broadband nature of spurious coupling (SchefferTeixeira et al., 2013) . We examined the possibility that HFO power may be related to MUA and found that the recorded HFOs in the parkinsonian STN were not tied to the many unsortable spikes that may contribute to the LFP signal. Furthermore, we found that the spatial topography of microelectrode PAC was qualitatively very similar even after removal of clustered spike artifacts, and, importantly, that beta-coupled HFOs and betalocked neurons had significantly different preferred phases along the modulating oscillation.
Another possibility is that beta-coupled HFOs may be true oscillations that are causally related to neuronal spiking activity captured from the same microelectrode recording. Our data suggest otherwise, because we did not observe a significantly greater probability of capturing PAC during recordings that exhibited significant SPL, and there was no significant spatiotemporal correlation between the strengths of PAC and SPL. In addition, during recordings that demonstrated both significant PAC and SPL, we did not observe significant increases in HFO power locked to spike times, nor did we find that HFO power during preceding or subsequent peaks predicted the presence of spiking activity close to the trough within the same cycle of the modulating oscillation. Although our data do not reveal the cellular mechanisms that generate HFOs, they indicate that HFOs arise from a larger pool of neurons whose dynamics may not be related to that of individual neurons captured with our microelectrode recordings.
Spontaneous LFP oscillations in higher frequencies (Ն200 -800 Hz) have also been reported in patients with medial temporal lobe epilepsy and rodent models thereof (Bragin et al., 1999) , and are referred to as fast ripples. Fast ripples have been thought to represent summed action potentials arising from clusters of hypersynchronous neurons discharging at the frequency of the fast ripple (Bragin et al., 2011) . More recently, however, an in vitro model demonstrated that fast ripples can also arise from desynchronized neuronal clusters that fire out of phase from one another, leading to an emergent fast ripple of higher frequencies than the firing rates of the component neurons (Foffani et al., 2007) . In fact, in vivo rodent models have shown that both activity patterns may coexist dynamically (Ibarz et al., 2010) .
We found that cells with oscillatory/bursting firing patterns, whose presence is more prominent in PD (Bergman et al., 1994; Gale et al., 2009) , are more likely to be phase-locked to the LFP than non-oscillating cells, consistent with previous studies (Weinberger et al., 2009) . Because the intraburst firing rate is between 100 and 300 Hz (Gale et al., 2009; Sharott et al., 2014) , hypersynchrony of a population of beta-locked oscillating cells could account for beta-coupled HFOs in the lower frequencies (200 -300 Hz). However, higher-frequency beta-coupled HFOs (300 -500 Hz) are more consistent with desynchronization into neuronal clusters that are out of phase with one other. This may explain the observed lack of spatiotemporal correlation between PAC and SPL. Indeed, for microelectrode recordings with at least two isolated units, PAC was significantly less likely to be present if all units exhibited significant SPL. Although interpreting these findings is difficult given the small number of cells captured in any one recording, these data suggest that a cluster of beta-locked neurons alone may be insufficient to give rise to beta-coupled HFOs.
We acquired our data while patients were awake, at rest, and monitored for alertness. Hence, one limitation of this study is that we did not examine changes in PAC and SPL during voluntary movement, which has been associated with dynamic changes in neuronal firing (Rodriguez-Oroz et al., 2001) , beta oscillations (Levy et al., 2002) , and HFOs (Ló pez-Azcarate et al., 2010). In addition, involuntary movements that may be present at rest, such as tremor, may contribute to HFOs or lead to artifacts with spectral content in the HFO frequency range. Given the coherence between STN LFPs and EMG signals in the theta and beta frequency bands (Marsden et al., 2001) , whether tremor-related higher-frequency activity may also exhibit some form of crossfrequency interaction remains an open question.
In conclusion, our data demonstrate that beta oscillations in the parkinsonian STN entrain HFOs and spiking activity with a spatially precise topography but that the two electrophysiologic phenomena may not be directly related. The relatively stable beta oscillations (Bronte-Stewart et al., 2009) entrain neurons in the STN such that the observed SPL likely reflects a cluster of neurons locked to the underlying beta oscillations. Conversely, we propose that beta-coupled HFOs may emerge from a larger pool of desynchronized neuronal clusters that together give rise to nonstationary HFOs in the LFP.
